Background--Patients with aortic stenosis (AS) often have concomitant hypertension. Antihypertensive treatment with a b-blocker (Bbl) is frequently avoided because of fear of depression of left ventricular function. However, it remains unclear whether antihypertensive treatment with a Bbl is associated with increased risk of cardiovascular events in patients with asymptomatic mild to moderate AS.
A ortic stenosis (AS) represents a condition of left ventricular (LV) pressure overload resulting in neuroendocrine activation, including a heightened b-adrenergic state, reduced myocyte protein synthesis, and extracellular matrix degradation comparable to heart failure. 1 This cardiovascularvalvular coupling is important because there is little evidence of the ability of cardiotropic drugs to improve outcomes in patients with AS. 2 Moreover, hypertension is a frequent finding in patients with AS, and we have recently shown the importance of lowering blood pressure on reducing adverse cardiovascular outcome in patients with asymptomatic AS. 3 Nevertheless, the current guidelines do not specify whether antihypertensive treatment should differ from that used in patients without AS.
b-Blockers (Bbls) are interesting in this regard, as they might reduce oxygen consumption and lower blood pressure to improve survival in AS patients. 4 However, Bbls may also pose a danger of reduced inotropy in AS, and evidence for the safety and efficacy of Bbl use in AS is scarce. This study was therefore undertaken to investigate the association of Bbls with risk of cardiovascular and all-cause mortality as well as of sudden cardiac death during long-term follow-up in the SEAS (Simvastatin and Ezetimibe in Aortic Stenosis) study, which is, to date, the largest cohort of patients with asymptomatic mild to moderate AS.
Methods
The SEAS study was a randomized, multicenter, double-blind, placebo-controlled study investigating whether intensive lipid lowering with simvastatin plus ezetimibe in combination versus placebo in 1873 patients (45-85 years of age) with asymptomatic AS (defined as echocardiographic aortic valve thickening accompanied by Doppler-measured aortic peak flow velocity between 2.5 and 4.0 m/s, normal LV systolic function, and absence of symptoms according to independent local investigators based on patient interviews) could decrease AS progression and associated risk of cardiovascular morbidity and mortality. Patients were excluded if they had received a diagnosis or had symptoms of coronary artery disease, heart failure, peripheral arterial disease, cerebrovascular disease, or diabetes mellitus or if they had any other condition requiring lipid-lowering therapy. The primary outcome, design, and baseline characteristics of the SEAS study have been published. 5, 6 In this report post hoc analyses were used to investigate the association between baseline use of Bbls (as reported by the study investigators at enrollment into the study) and subsequent mortality and cardiovascular outcomes. The SEAS study and its substudies comply with the Declaration of Helsinki; locally appointed ethics committees have approved the research protocol, and informed consent has been obtained. The SEAS trial is registered at http://ClinicalTrials.gov, unique identifier NCT00092677.
Echocardiography
The echocardiographic study protocol, reading procedures, and reproducibility have been published. 7 Briefly, all echocardiograms were read blinded at the SEAS Echocardiographic Core Laboratory, Haukeland University Hospital, Bergen, Norway. Aortic valve area indexed by body surface area was calculated by applying the continuity equation. 8, 9 LV dimensions and wall thicknesses were measured on 2-dimensional images according to American Society of Echocardiography guidelines using an anatomically validated formula. The aortic valve area and LV mass, both indexed by body surface area, and the LV ejection fraction were determined by standard 2D-echocardiography.
10,11
End Points and Adjudication
All end points were evaluated according to a predefined endpoint protocol by an independent end-point classification committee blinded to the randomization as outlined by the SEAS steering committee. 6 The primary outcome in this post hoc substudy was all-cause mortality. Secondary end points were cardiovascular and sudden cardiac death. Exploratory analyses were performed on other end points including major cardiovascular events, a composite of first myocardial infarction, nonhemorrhagic stroke, heart failure, aortic valve replacement (AVR), or cardiovascular death and the individual components of major cardiovascular events as well as coronary artery bypass grafting (CABG) and percutaneous coronary intervention. What Are the Clinical Implications?
Statistical Analysis
• b-Blockers may be used if patients develop arrhythmias and may be the drug of choice if patients with aortic stenosis develop hypertension.
logistic regression analysis. Covariates for the propensity model were selected by examining the combination of pertinent predictor variables that resulted in the optimal prediction of baseline Bbl use (see Data S1 and Table S1 for predictor variables). To avoid excluding patients who missed 1 or more baseline variables included in the propensity score, missing variables were imputed according to age-and sex-specific strata. Using the Greedy matching macro (http://www.mayo.edu/research/departments-divisions/de partment-health-sciences-research/division-biomedical-statis tics-informatics/software/locally-written-sas-macros), we matched each case to 1 control on the basis of the propensity score. Kaplan-Meier and Cox regression analyses on the matched data set were performed to approximate the independent effect of baseline Bbl therapy. Competing risk analyses were performed as described by Fine and Gray using all-cause mortality as a competing event to evaluate if the difference in survival altered the risk of nonexclusive end points. 12 Comprehensive sensitivity analyses were performed by (1) tests of interaction between Bbl therapy and baseline variables presumed to have an influence on the effect of Bbl therapy (hypertension at baseline, blood pressure levels [<120, 120-140, and >140 mm Hg], instudy myocardial infarction, AVR, or AS severity); (2) use of multivariable Cox regression; (3) use of an inverseprobability-weighted Cox model (using 1/propensity for Bbl therapy), (4) inclusion of the time-varying effects of AVR with and without CABG as separate effects in the propensity score-matched Cox model; and (5) adjustment of the propensity-matched Cox model with time-updated blood pressure (last prior to end point or censoring) to evaluate if Bbl-induced blood pressure lowering explained the observed survival benefit. A 2-tailed P<0.05 was regarded as statistically significant.
Results

Baseline Characteristics
Among 1873 patients included in the SEAS study, 932 (49.8%) patients received Bbl at baseline. Hypertension was by far the main indication (56%) for Bbl therapy, and metoprolol was the most frequently used Bbl (see Tables S2 and S3 for details).
Bbl therapy was associated with higher age, systolic and diastolic blood pressure, body mass index, high-density lipoprotein, triglyceride, glucose, peak aortic velocity, LV mass, and left atrial diastolic and systolic volume. In addition, Bbl therapy was associated with a higher prevalence of hypertension at baseline and with use of digoxin, platelet inhibitors, Ca 2+ -blockers, angiotensin-converting enzyme inhibitors and angiotensin receptor blockers, and diuretics, and with previous atrial fibrillation ( Table 1 ). The propensitymatched subset was well balanced on all examined baseline variables (Table 1) .
Echocardiographic Variables, Heart Rate, and Blood Pressure in Patients Treated With Bbl
From first to last available in-study value, Bbl-treated patients showed a 2% larger decrease in systolic blood pressure ( Figure 1 , P=0.006) and a 2% greater reduction in LV ejection fraction (P=0.04). Change values of LV mass, aortic valve area index, aortic peak jet velocity, and heart rate did not differ between patients receiving and those not receiving Bbl therapy at baseline (all P>0.38).
Association of b-Blockade With Outcomes
During a median follow-up of 4.3AE0. Bbl was associated with lower risk of all-cause and cardiovascular mortality in inverse-probability-weighted and propensity-matched analyses (Table 3 and Figure 2 ), as well as sudden cardiac death (Table 3 ). There was no detectable difference according to Bbl therapy on the risk of myocardial infarction, stroke, or heart failure before AVR or percutaneous coronary intervention in propensity-matched analyses (Table 3) . Conversely, Bbl was associated with increased risk of major adverse cardiovascular events, largely driven by a doubling in the use of AVR with and without concomitant CABG (Table 3) .
Competing risk analyses with all-cause mortality as a competing event on the propensity-matched subset confirmed the results from the cause-specific Cox models (Table 3) . To test whether Bbl associations with mortality were dependent on hypertension at baseline, in-study myocardial infarction, AVR, or AS severity, interaction analyses were performed in propensity-matched Cox models with all-cause mortality as the end point. This showed no interaction of Bbl treatment and risk of all-cause mortality between patients with and those without previous hypertension (P=0.244), blood pressure levels (P=0.3), in-study myocardial infarction (P=0.825), in-study AVR (P=0.926), or baseline peak aortic jet velocity (P=0.140).
Finally, to test whether Bbl treatment outcome was explained by effects on blood pressure or a higher propensity for AVR and concomitant CABG among patients receiving Blb therapy, additional analyses of the propensity-matched Cox models found that Bbl remained significantly associated with all-cause mortality after adjustment for in-treatment systolic blood pressure (hazard ratio 0.52, 95% confidence interval 0.43-0.62, P<0.001) and time-varying AVR with and without concomitant CABG (hazard ratio 0.54, 95% confidence interval 0.45-0.65, P<0.001).
Discussion
This is the first study with a sufficient sample size to evaluate the association of Bbl therapy with cardiovascular end points in asymptomatic mild to moderate AS. The primary finding was that in propensity-matched analyses and inverse-probability adjustment, Bbl therapy was not associated with worse outcome but instead with lower rates of all-cause and cardiovascular death as well as sudden cardiac death. Furthermore, Bbl treatment was not associated with an increased incidence of heart failure before AVR. These findings were confirmed in competing risk analyses with allcause mortality as a competing event. Thus, this study supports the notion that Bbls are a safe antihypertensive treatment option in patients with asymptomatic mild to moderate AS and preserved LV ejection fraction.
Of note, Bbl was associated with higher rates of major cardiovascular events, almost exclusively driven by a doubling in the use of AVR. This could potentially be driven by reverse causation with Bbl being prescribed to frail patients with higher systolic blood pressure and a more critical condition such as mildly impaired LV function, atrial fibrillation, and/or subclinical ischemic heart disease. Unfortunately, CT or coronary angiograms were not available to examine the latter assumption further. Another mediating factor could be a possible Bbl-induced functional impairment, which could be misclassified as a symptom of AS progression to elicit earlier AVR. 13 To compare our findings to previous literature, there are few studies of Bbl therapy in AS patients. In a study of 453 patients with nonsurgically managed severe AS, Varadarajan et al showed that among the patients not undergoing AVR, Bbl was not associated with a survival benefit. 4 Although the present study was comprised of patients with asymptomatic AS, we found no interaction of Bbl treatment with either AS severity or time-varying AVR per se and risk of all-cause mortality. There are several possible explanations for potential benefits of Bbl therapy in AS patients. First, among older patients with AS, hypertension is common, found in up to 78% of patients. 7 Hypertension significantly modulates LV mass and geometry 14 and is a well-known predictor of increased cardiovascular morbidity and mortality in both the general and AS populations. 15, 16 In hypertension, Bbl is known to not only lower the blood pressure but also regress LV mass and alter LV geometry, probably due to the decrease in LV load, 17 which is associated with better survival in hypertensive patients. 14 However, adjustment for in-treatment systolic blood pressure did not change the observed lower rate of mortality, and we did not find interaction with hypertension in the present study. In patients with increased pressure load due to hypertension, Bbl not only regresses LV dimensions in patients with LV hypertrophy but also wall stress and a noninvasive index of myocardial oxygen demand, 18 and the latter was accompanied by lower rates of cardiovascular death and myocardial infarction. This provides indirect support for the conclusion that the known reduction of morbidity and mortality in survivors of myocardial infarction by Bbl treatment 19 could be caused by the reduction of myocardial oxygen demand due to lower blood pressure, heart rate, and myocardial inotropic state. Nevertheless, we were unable to show regression of LV mass in the Bbl-treated patients in the current study despite a significant decrease in arterial blood pressure. This may not be surprising because AS, unlike hypertension, is a major component of increased LV load and stimulus to LV hypertrophy in AS patients not directly affected by Bbl therapy. Second, there is evidence that severe valvular disorders produce humoral and cytokine activation similar to heart failure, suggesting a potential role for neurohormonal blockade with Bbls. 20, 21 In a study with 14 patients undergoing transcatheter aortic valve implantation and 14 matched controls, Dumonteil et al showed that AS patients had increased sympathetic nervous system activity associated with a decrease in sympathetic baroreflex gain, and that AVR normalized these parameters. Hence, progression and prognosis of AS could be related to both hemodynamic impairment and sympathoexcitation with additional impairment of baroreflex restraint of sympathetic tone. This autonomic dysfunction may contribute to high incidences of sudden death, mortality, and morbidity in AS patients and also be a target for Bbl therapy. 22 Third, hemodynamically significant AS results in LV hypertrophy and eventually in LV systolic and diastolic dysfunction and overt clinical heart failure. AS may also predispose to mitral regurgitation and left atrial enlargement leading to atrial fibrillation 23 and increase the risk of sudden death, 24 the most feared event in the watchful waiting strategy in asymptomatic AS patients. In the SHIFT (Systolic Heart failure treatment with the sinoatrial node inhibitor ivabradine Trial), 25 ivabradine was associated with an 18% lower risk of the primary composite end point of cardiovascular death or hospitalization for worsening heart failure in patients with heart failure. Our group previously demonstrated that increased heart rate is associated with adverse outcomes in patients with asymptomatic AS 26 ; thus, the lower mortality among Bbl-treated patients in the present study might be due, at least in part, to Bbl heart rate-reducing properties. All-cause mortality, n (%) AVR indicates aortic valve replacement; CABG, coronary artery bypass grafting; HF, heart failure; IPTW, inverse probability of treatment-weighted Cox regression analysis; MCE, major cardiovascular events; NA, not applicable (patients are matched as shown in Table 1 ); PCI, percutaneous coronary intervention. *Fine and Gray estimates of the subdistribution of risk using all-cause mortality as a competing event. Finally, Bbl therapy has been a cornerstone secondary prevention therapy for patients with myocardial infarction since large randomized controlled trials conducted in the 1970s and 1980s demonstrated substantial reductions in mortality, mostly driven by sudden cardiac death. 27 It therefore is possible that even though SEAS patients were free from overt coronary disease, Bbl may have prevented clinical events due to unrecognized concomitant coronary atherosclerosis. Data on cardiovascular outcome using different antihypertensive drug regimens in patients with AS are scarce; we have previously reported from the SEAS data set that treatment with angiotensin-converting enzyme inhibitors or angiotensin receptor blockers was not associated with increase or improvement in all-cause or cardiovascular mortality as well as sudden cardiac death even though treatment with this drug class did reduce blood pressure and LV hypertrophy. 28 Our previous report on angiotensin-converting enzyme inhibitors and angiotensin receptor blockers and our current study on Bbl are in sharp contrast to our preliminary report on antihypertensive treatment with diuretics, suggesting increased all-cause and cardiovascular mortality in patients with asymptomatic AS. 29 Thus, the present study refutes the concept that Bbl treatment of hypertension is hazardous in AS patients and supports current clinical practice to use Bbls when needed in AS patients. However, randomized controlled studies are missing on other antihypertensive drugs in headto-head comparison with Bbl.
Limitations
Our study is a post hoc analysis of a randomized controlled trial rather than a prespecified trial of Bbl effects. The preventive association of Bbl on mortality could possibly be explained by Bbl patients using other antihypertensive drugs, calcium channel blockers, statins, aspirin, and other medical treatment. However, other medical treatments were included in analyses, and our propensity-matched data set was shown to be well balanced with regard to all concomitant therapies. Nevertheless, there are still covariates that are difficult to balance, such as doctor preferences. In addition, there is a risk of unmeasured confounding, such as selection bias with Bbl being completely avoided in the sickest patients. However, the SEAS study population included ambulatory patients with normal LV ejection fraction without overt atherosclerotic disease. Unfortunately, we could not perform any meaningful analyses of in-study add-on Bbl treatment because patients' characteristics were not ascertained when patients went on and off Bbl therapy. Finally, because variable Bbl use was reported by the individual study investigators, it was not possible to independently control whether patients were in fact on Bbl therapy.
Conclusions
In this large study of asymptomatic patients with mild to moderate AS, Bbl therapy, in contrast to clinical concern, was associated in adjusted analyses with lower rates of cardiovascular and all-cause mortality as well as sudden cardiac death in propensity-matched analyses. Thus, use of Bbl as antihypertensive therapy is safe in patients with asymptomatic AS. Standardized coefficients are coefficients adjusted so that that may be interpreted as having the same, standardized scale and the magnitude of the coefficients can be directly compared (ranked). The greater the absolute value of the standardized coefficient, the greater the predicted change in the probability of the outcome given a standardized change in the corresponding predictor variable, holding constant the other predictors in the model.
Abbreviations -ASA: acetylsalicylic acid, ACE: Angiotensin converting enzyme.
